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Longer survival times for patients with metastatic bone disease have increased the risk of pathologic fracture. Skeletal metastases may be treated by systemic therapies (i.e. bisphosphonates), local minimally invasive approaches (i.e radiation therapy) or surgical stabilization. [4] [5] [6] Development of new therapies that target skeletal metastases requires understanding of the biomechanical effects of the tumour within bone, as well as how effective new and existing therapies are at mitigating these consequences.
Much remains to be learned about how bones naturally experience load and how load distributions differ in the presence of osteolytic disease. Further elucidation of the mechanical environment of bony tissue affected by osteolytic disease could identify sites and mechanisms of fracture risk, detect possible sites of remodelling in a metastatic consequence, as well as provide information on the effectiveness of systemic or spatially focused treatments designed to have a mechanically stabilizing effect.
Non-invasive strength assessment of metastatically involved vertebrae has been performed using finite element analysis (FEA) and analytical calculations (Engineering Beam Theory) based on CT images. [4] [5] [6] [7] [8] [9] [10] However, estimates of stress and apparent properties based on such modelling approaches are limited without apriori knowledge of material properties and when the underlying structures are not well understood. In contrast, image registration, can be used to calculate strain fields with no assumptions about structure or material behaviour. As such, image registration may be particularly useful for non-invasive assessment of skeletal pathology and new therapies, which may affect both structure and material properties of the bone and soft tissues.
Application of image registration to measure strain in whole bones is essential to properly characterize the physiologic and pathologic strain environments. Previous work has applied image registration to measure strain fields within bone and study its mechanics; however such methods have been quite limited in application and development in 3D. [11] [12] [13] [14] [15] Previous 3D studies have focused on the mechanical workings of trabecular bone cores [13] [14] [15] however results from experiments may suggest premature fracture and abnormally high non-physiological strain patterns as they remove bone from its natural mechanical support system. 16, 17 3D image registration methods have previously been used to look at the effect that subtle changes in fusion cage designs had upon strain distributions within the adjacent vertebrae in an in vitro biomechanical study. 18 In our work to date we have developed and validated an intensity matching image registration method to accurately measure and spatially resolve strain in 3D in whole bones using µCT imaging. 19, 20 We propose to utilize this algorithm to qualitatively and quantitatively assess changes in mechanical behaviour due to metastatic involvement of vertebrae. It is hypothesized that strain distributions measured by image registration will occur in a manner that is consistent with known fracture patterns in the metastatic spine. Specifically, this study aims to apply image registration to calculate and characterise the strain distributions in metastatically involved rodent vertebrae utilizing µCT imaging. 21 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Materials and Methods

Metastatic Tumour Model
A previously described model of osteolytic vertebral metastasis was used to examine the biomechanical effects of tumour involvement within the bony spine. 21 The study was approved by the Sunnybrook Health Sciences Centre Animal Care Committee. MT-1 human breast cancer carcinoma cells (2x10 6 /200 µl) transfected with the luciferase gene were injected intracardially under general anaesthesia (2% isofluorane in oxygen) into 5 immunocompromised nude rnu/rnu female rats (5-6weeks of age) (Harlan, Indianapolis, USA). Injections were made into the left ventricle using a 1ml syringe with a 26g needle. After injection the rats received analgesic (buprenorphine, 0.03-0.05 mg/kg) and were put back into their cages with free access to food and water. The rats were monitored daily to ensure health and normal behaviour during the study.
Bioluminescent imaging was done to confirm the presence of and to localise the tumour within the bony spine, beginning fifteen days after injection. Rats received an intra-peritoneal injection of luciferin (60mg/kg) dissolved in saline to facilitate bioluminescence scanning (Xenogen Inc, Alameda, USA) under general anaesthesia. Rats were sacrificed once the presence of a tumour was verified (2-3 weeks post injection). To identify the vertebral level with the greatest tumour involvement, the location of maximum bioluminescent signal was identified on faxitron images (Faxitron X-Ray Corporation, Wheeling, USA) by insertion of a needle guided by the bioluminescent imaging. Vertebrae with the highest level of metastatic involvement were excised within a three-level motion segment. For comparison purposes the tumour-bearing vertebral motion segments were matched with healthy vertebral motion segments from similarly aged control animals (i.e. a tumour-bearing L2 vertebra was matched with an L2 vertebra from a non-pathologic animal creating a balanced design, n=5 in each group).
Loading and imaging of spines
All 10 specimens were µCT scanned (GE Explore Locus, General Electric Company, Fairfield, USA) under an x-ray source at 90µA and 80kV, with 907 views covering 360º of rotation, in both unloaded and loaded configurations. The three-level motion segments were loaded in vitro in axial compression within a custom-built force-calibrated CT compatible loading device. (Figure 1 ) Axial compressive loads were applied to each metastatically involved spinal motion segment (pre-failure loading of 44-67N) and its matched control. Load magnitude was decided upon by estimating the stability of the tumour bearing spinal motion segment, relying upon our previous studies of loading rat motion segments. 20 The load magnitude applied to the tumour bearing vertebrae was replicated in the spinal level matched healthy control vertebrae. Reconstruction of the volumes was done to 17.5µm/voxel; the exact image size reconstructed varied from scan to scan based upon the size and orientation of the region of interest. The unloaded configuration of the specimen was imaged while immersed in agar to prevent motion.
Assessment of metastatic involvement
Due to the infiltrative nature of the metastatic involvement of the MT-1 tumours within the vertebrae, the extent of lytic involvement (bone resorption) was assessed by quantifying differences in trabecular bone density. Average bone density within the vertebral bodies of the 
Comparison of strains
Image registration was used to measure strain in each vertebra under load. Strain was measured exclusively within the vertebral body. The vertebral body is the primary load bearing structure and contains the majority of the trabecular bone essential for proper image correlation. Strain was quantified within each specimen by a previously described and validated multiresolution image registration routine. 19 Briefly, each whole loaded scan was registered to its associated unloaded scan. The unloaded scan was then divided into eight equally sized pieces that were individually registered to the loaded scan using the previous registration as an initial best guess. Each of the eight pieces were then further divided into 8 additional sub-pieces and reregistered in an ongoing pyramid scheme through four levels of refinement. Any outer region that did not contain bone was removed by manual segmentation of the µCT volume. Each individual registration used a regular step gradient descent optimisation of an affine mapping (T), permitting shearing, rotation, scaling and translation (12 DOF, Equation 1a), relying in the ITK 1.6.0 library. (NLM, Bethesda, MD, USA) Mutual Information was used as the similarity metric. The displacement of the center of each sub region that was registered was calculated from the affine transform found. The displacement field (A) was then used to calculate the strains (e) field. (Equations 1b, c) The size of the smallest individual sub-regions in which strain was resolved varied from 385x542x297.5µm to 402.5x612.5x490µm, depending upon the exact size of the scan. The regions varied with the size of the vertebrae imaged (larger vertebrae had larger individual regions in which strain was resolved). The size of these regions was determined based upon our previous work to validate this method within the rnu/rnu rat model used in this investigation. 19 The size of these individual regions was what determined the spatial accuracy of the strain field calculated below. For comparison, previous work by our group has found trabecular thickness to be on average 90µm and trabecular spacing to be on average 150µm. 
T is the affine mapping describing the deformation between the loaded and unloaded sub regions within each scan, J ij are the elements of the affine matrix that contain all the information causing scaling, rotation and shearing. (X Trans , Y Trans , Z Trans ) represent the translation of the region and (X Centre , Y Centre , Z Centre ) is the original centre of the region about which the mapping is done. The Displacement (A) was calculated through the vector field, defined by finding the displacements between the centers of the subregions (P) that are individually registered. The displacement fields were smoothed with a lanczos filter prior to calculating strain. (Amira 3.1.1) The strains (e) quantified by evaluating the gradient and calculating the infinitesimal strain tensor. The axial strain of the vertebrae was used as the primary outcome variable in this analysis as it will yield the largest strain values experienced by the vertebrae under axial compression. The axial strain distributions in the tumour-bearing and matched control vertebrae were investigated by calculating the median, minimum (10 th percentile) and maximum (90 th percentile) of the strain distribution. Analysis of variance was used to look for statistical differences between mean strain within the tumour bearing vertebrae ( ) and control vertebrae ( ), where the vertebra was the experimental unit. (Excel, Microsoft, Redmond WA) The strain fields were also assessed by plotting contours and observing qualitative differences between the metastatic vertebrae and the matched control levels. Post-hoc the relationship between mean bone density and the median strain of the vertebrae was quantified with linear regression.
Results
Tumour growth
Metastasis to the vertebral bodies was detectable by bioluminescent imaging at 2-3 weeks post injection. Metastatic tumours detected by dissection were also present in the ovaries, lungs and femurs. The largest spinal tumours were identified in T12, L2 (2), L3, and L4 in the 5 rats. Metastatic involvement was confirmed with µCT imaging. (Figure 2 ) Higher levels of osteolysis were found to occur near the cranial and caudal ends of the vertebral bodies. The presence of tumour reduced average bone density within the vertebral bodies analyzed by an average of 8±4%.
Comparison of strain distributions
Strain distributions were successfully quantified by image correlation in both control and tumour-bearing specimens. (Figure 3 ) The metastatically involved vertebrae overall experienced an average of 2 times more compressive strain ( = -0.059, = -0.027) than the control vertebrae (p=0.01). The mean bone density of the vertebrae was not found to strongly correlate with median strain (R 2 =0.3, p=0.1). In all vertebrae the growth plates and adjacent trabecular bone was a site of strain concentration. The growth plate appeared to be nearly completely calcified in all specimens; however a small amount of compression can be seen by inspection of the loaded and unloaded scans. (Figure 4 , Figure 5 ) This is reflected in the increased axial strain measured in this area. The sets of matched lumbar vertebrae all had small regions of tensile strain present (~0.005 strain, Figure 3) , while the one set of thoracic vertebrae experienced entirely compressive strain.
In four of the five tumour-bearing vertebrae strain concentrations were observed in trabecular regions adjacent to the dorsal wall. (Figure 4 ) These strain concentrations were not seen in the vertebral level matched controls.
The application of axial compressive loading of all tumour-bearing vertebrae and 4 of the 5 matched controls was consistent, based on the direction and position of the adjacent vertebrae, which applied the load to the vertebra of interest. (Figure 4 , Figure 5 ) One of the control vertebrae (#4) showed a difference in the alignment of the vertebrae yielding a distinct loading profile with the caudal vertebra positioned more dorsally. Not surprisingly, this vertebra demonstrated a different strain distribution due to the asymmetry in load application relative to 
Discussion
This study demonstrates the successful application of µCT-based image registration for the purpose of observing the biomechanical implications of osteolytic metastatic disease within rodent vertebrae through calculation of strain fields. In comparing tumour bearing vertebrae against level matched controls, it is clear that strain differences can be resolved with the developed image registration algorithm. The µCT-based image registration method allowed for the assessment of trabecular strain in its native whole bone environment, representing an advance over earlier studies focused on bone cores.
Image registration was able to highlight regions of high strain found in the metastatic vertebrae adjacent to the dorsal wall, a pattern not seen in the matched controls. The hypothesis that strain distributions within this rat model would be consistent with known fracture patterns for osteolytic metastases were confirmed by two observations: 1. Metastatically involved vertebrae were found to experience greater magnitudes of strain. These higher strains in the metastatically involved vertebrae are in accordance with previous work quantifying the architectural impact and mechanical strength of metastatically compromised vertebrae. 6, [25] [26] [27] [28] [38] [39] [40] [41] 24 2. The strain concentrations were found to occur adjacent to the dorsal vertebral body wall, consistent with clinical burst fracture patterns (failure of the posterior vertebral body wall). 8, 29 The strain concentrations on the dorsal wall align with areas of osteolytic destruction. These elevated strain measures are consistent with previous experimental and computational analyses demonstrating that areas with low bone density lead to decreases in structural rigidity and reduced strength, resulting in increased fracture risk in bones with osteolytic skeletal lesions. 10, 30, 43 . Finite element modelling of tumour involved vertebrae has similarly shown mechanical behaviour consistent with increased risk of burst fracture initiation. 4, 5, [7] [8] [9] [26] [27] [28] 31 Within this study the osteolytic involvement was not strongly correlated with the average strain within the vertebrae. The strain concentrations that were calculated by image registration were not always co-localized with focal defects as visualized on the µCT images. Previous histologic analyses conducted in this rodent model, however, have shown both focal and diffuse metastatic involvement within dorsal regions of the vertebrae. 32 The presence of diffuse disease was beneficial for the algorithm as it provides more texture information with which to measure strain as compared to distinct focal lesions. The lack of direct correspondence may be attributable to the physiological (and complicated) loading applied through the intervertebral discs and the inability of µCT to identify the presence and impact of diffuse tumour involvement, prior to sufficient bone resorption creating focal defects.
Translation of whole bone biomechanical findings from rodent models to the adult human spine must be approached cautiously due to differences in morphology. Rat vertebrae have distinct geometry in which the vertebral bodies are much longer, with much greater cortical shell thickness relative to the amount of trabecular bone as compared to human vertebrae. In addition, the growth plates are present within rat vertebrae throughout their life cycle. In our work, the growth plates and adjacent trabecular regions were shown to absorb high amounts of strain in the rat vertebral bodies. The growth plates may explain some of the large strains calculated in the vertebrae. This is in agreement with previous findings based on application of this algorithm in F o r P e e r R e v i e w 8 healthy vertebrae that the presence of the growth plate causes strain concentrations in surrounding trabecular bone. 20 A study looking at older rats with more highly calcified growth plates 33 , may better elucidate this issue, however this may not be possible concurrently with the study of metastatic disease, as immune-deficient rats develop resistance to metastatic involvement as they age.
The mechanical jig used to apply load to the spinal motion segments was stable, allowing the application of relatively high loads sufficient to yield large, measurable strains within the vertebrae. While the magnitude of these strains, challenges the assumptions of infinitesimal strain theory, the estimated average error from making the approximations of the infinitesimal theory were estimated to be on the order of 0.0075 strain. As well, the magnitude of the measured strains suggests that damage may have occurred within the vertebrae. Structural damage (i.e. breaking trabeculae) could potentially lead to errors in strain measurement, no macroscopic damage was detected after scanning was complete. Microdamage (in the form of linear cracks and diffuse patterns, which consistently occurs within bone) 34 in metastatically involved bone is the content of ongoing research within the laboratory. The presence of high strains leading to damage may present additional challenges in translating this work to an in vivo model.
The loading was applied to each spinal motion segment, to better reflect physiologic boundary conditions. Utilization of a physiologic boundary condition was thought to be of particular importance in this analysis as strain distributions calculated by digital image correlation have been found to be sensitive to subtle changes in boundary conditions and loading through the intervertebral discs is important clinically in the initiation of burst fractures. 35 The device produced repeatable axial compressive loading, with the exception of the single control specimen, which exhibited a distinct vertebral malalignment. This malalignment led to loading that was not purely axial compressive, and resulted in a wider distribution of strain, both in tension and compression. The removal of the posterior element/facet joint articulations may have contributed to this alignment shift during axial compressive loading. Modifications to the loading device and the retention of the posterior elements in future testing may allow for more physiologic loads to be realized and interpreted, albeit under a more complex loading scenario. The presence of metastatic involvement of the posterior or transverse elements may also affect the boundary conditions applied in this and future investigations. Strain distribution is critical in understanding bony stability. 36 Additional work using this algorithm may examine the relationship between the spatial distribution of tumour and the strain distribution to identify more problematic tumour configurations and effective treatments. 37 Given the uniaxial loading protocol, the largest strain values were expected in the axial direction and as such axial strains could be measured with the least error. This increase in accuracy and the limits in statistical power that would come from multiple comparisons were seen to outweigh any increased insight from the determination of other strains (principal, von Mises, etc.) derived from tensor components.
Strain distributions yield important information which can lend insight into mechanisms of instability and as such the development and targeting of appropriate interventions. 38 Strain measurement by image registration may be particularly suited to studying interventions that create difficulty for FE analysis due to unknown material properties or boundary conditions. Yerby has used image registration to show the importance of subtle changes in boundary conditions to the strain experienced by trabecular bone cores. 35 Similarly McKinley used image 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   9 correlation to show the importance of subtle changes in soft tissue boundary conditions on bone strains. [39] [40] [41] Toh, using a 2D implementation of texture correlation examined a possible mechanism for wedge fracture in osteoporotic thoracic vertebra, showing the strain increased in the anterior of vertebrae during flexion. 42 Image registration yields a strain field, including magnitude and distribution of strain without assumptions about the magnitude or distribution of applied loading or inherent bone or soft tissue material properties. However, the spatial resolution of strain measurement possible with this image registration technique is limited based on the texture of the material being analyzed. 11, 19 The strain distributions calculated are consequently lower resolution than the images from which they are derived, as the calculation relies on tracking regions of the trabecular structure. A trade-off exists between the size of the regions used and the resolution of the strain field. A larger region results in greater precision but less accuracy, due to smoothing of the strain field calculated when the field varies in space. A consequence of the limited resolution of the strain calculations was the increased strain in the growth plates lead to adjacent bone appearing highly strained 43 and the precise localization of strain maxima (i.e. adjacent to the dorsal wall) is restricted. The low resolution of the strain calculation means that the underlying strain field was undersampled and hence the exact discretization that was used in the calculation had an effect on the exact position and magnitude of strains calculated. This undersampling may explain some of the discontinuities within the strain field. (Figure 4) The subset size within this study varied based upon the size of the specimen. Previous investigators have found that the precision of strain calculated by digital volume correlation (a technique similar to the one presented here) was weakly related to changes in the size of the subset. 11 The standard deviation of the strain calculated was decreased by 35% when doubling the linear size of the estimating volume. Extrapolating the result from the literature to the variation in subset size present within the investigation presented here implies that the change in linear size of the subsets would result in a difference in precision of roughly 5%.
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